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Potassium manganese oxide materials having the synthetic birnessite structure K-OL-1
were synthesized by reduction methods. K-OL-1 has been ion-exchanged with H+ to produce
H-OL-1, which was utilized in further intercalating reactions. The tetraalkylammonium
hydroxides including tetramethylammonium hydroxide, tetraethylammonium hydroxide,
tetrapropylammonium hydroxide, and tetrabutylammonium hydroxide and diamines such
as ethylenediamine, 1,6-diaminohexane, and 1,10-diaminooctane were used to intercalate
H-OL-1. Elemental analyses, X-ray diffraction, FT-IR spectroscopy, scanning electron
microscopy and energy-dispersive X-ray analysis, UV-vis spectroscopy, and transmission
electron microscopy have been used to characterize the samples. Structural models of both
wet and dry samples are given. The intercalation and deaquation processes of TAA and
DA-OL-1 were studied. Their particle sizes were determined and nanometer-sized TAA-
OL-1 samples were prepared in TAA systems.

Introduction

Considerable research has recently focused on man-
ganese oxides, due to their ion-exchange, molecular
adsorption, catalytic, electrochemical, and magnetic
properties.1-8 Birnessite is a two-dimensional layered
structure, comprised of edge shared MnO6 octahedra,
with water molecules and/or metal cations occupying the
interlayer region.9-15 Natural birnessite exists widely
in deep-sea nodules and in soils in some areas.9,16-18 The
syntheses of birnessite have usually been carried out

by three methods: oxidation of Mn2+,19-21 reduction of
permanganate MnO4

-,1,22-24 and redox reactions be-
tween Mn2+ and MnO4

-.25-28 Other methods have also
been reported.13,29-31

The development of nanomaterials and preparation
of films are general areas of concern to researchers.32-43
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The preparation of nanometer-sized manganese oxide
colloids with mean particle sizes of 5.6 nm has been
carried out by using a two-step method.44 Tetraalkyl-
ammonium ions were chosen to react with potassium
permanganate to form tetraalkylammonium per-
manganates, which were reduced by 2-propanol water
mixtures. Structural model studies showed the presence
of birnessite inorganic layers with the tetraalkyl-
ammonium ions intercalated into the layers. The very
recent work of Ooi et al.45 showed that tetraalkyl-
ammonium ions were able to intercalate directly into
the layers of birnessite by ion-exchange methods, simi-
lar to other layered structures, such as zirconium
phosphates32 and montmorillonite clays.43 The distribu-
tion of water molecules and ammonium ions between
the layers was different from our results,44 showing the
complexity of these systems. The research reported here
involves structural models, intercalation, deaquation
processes, and particle size control of birnessite directly
intercalated by tetraalkylammonium ions and diammo-
nium ions.

Experimental Section
Chemicals. Potassium permanganate (99.0%) was pur-

chased from Alfa. Amines are commercially available from
Aldrich and Alfa and were used as received. The amines
include tetramethylammonium hydroxide (25 wt % solution,
Aldrich), tetraethylammonium hydroxide (35 wt % solution,
Aldrich), tetrapropylammonium hydroxide (1.0 M solution,
Alfa), tetrabutylammonium hydroxide (40 wt % solution,
Aldrich), ethylenediamine (98%, Aldrich), 1,6-diaminohexane
(99%, Aldrich), and 1,10-diaminooctane (98%, Aldrich).

Preparation of K-OL-1 and H-OL-1. Potassium type
manganese oxide birnessite K-OL-1 was synthesized by reduc-
tion methods.46 The 200 mL solution of the mixture of 92.0
mL of ethanol and 33.6 g of potassium hydroxide was added
slowly to a beaker containing a 150 mL solution of 9.48 g of
potassium permanganate with vigorous stirring for 1 h. The
resultant gel was aged at 80 °C in an oven for 48 h. The
product was washed with distilled deionized water (DDW) to
a pH lower than 9. Still wet, this sample was transferred into
a beaker which contained 200 mL of 1.0 M HNO3 and stirred
at ambient temperature for 24 h. In a similar way, K-OL-1
was ion-exchanged with H+ three times to make sure the ion-
exchange reaction was complete. The product was washed with
DDW to a pH higher than 6. Kept wet, the H-OL-1 sample
was used for further intercalation reactions.

Organic Amines or Ammoniums Intercalation Reac-
tion. The tetraalkylammonium hydroxides (TAA) including
tetramethylammonium hydroxide (TMA), tetraethylammo-

nium hydroxide (TEA), tetrapropylammonium hydroxide (TPA),
and tetrabutylammonium hydroxide (TBA) and diamines (DA)
like ethylenediamine (en), 1,6-diaminohexane (1,6-DHA), and
1,10-diaminooctane (1,10-DOA) were used to intercalate into
the layers of H-OL-1. The 0.015 mol of TAA or DA was added
to the gel (50 mL including 0.015 mol of Mn) of H-OL-1. The
whole mixture was stirred for certain times and the resultant
colloids or gels were characterized.

Elemental Analysis. The manganese and potassium
amounts were determined with a Perkin-Elmer model 2380
flame absorption spectrometer and model P 40 inductively
coupled plasma with an atomic emission spectrometer (ICP-
AES).

X-ray Diffraction. A Scintag XDS-2000 diffractometer
utilizing Cu KR radiation with a voltage of 45 kV and current
of 40 mA was used to obtain diffraction patterns. Samples were
prepared by pipetting small amounts of the sols/colloids onto
glass slides and allowing the solvent to evaporate for a certain
time at ambient temperature.

FT-IR Spectroscopy. The FT-IR spectra were taken on a
Nicolet Magna-IR System 750 FT-IR spectrometer, using
standard KBr pellet methods.

Scanning Electron Microscopy and Energy-Disper-
sive X-ray Analysis (SEM-EDX). SEM photographs were
taken on an Amray 1810 scanning electron microscope. An
Amray model PV 9800 EDX system was used to obtain energy-
dispersive X-ray analyses.

UV-Vis Spectroscopy. A HP 8452A spectrophotometer
was used to obtain the UV-vis spectra, using 1.0 cm quartz
cells. The sols/colloids were diluted to concentrations of 10-3-
10-4 mol L-1 Mn for the measurements.

Transmission Electron Microscopy (TEM). Samples
were prepared by placing a drop of 10-2-10-3 mol L-1 Mn sols/
colloids on carbon coated copper grids and allowing the water
to evaporate at ambient temperature. TEM images were
obtained at 100 kV with a Philips EM 420 electron microscope.

Results and Discussion

1. Characterization of K-OL-1 and H-OL-1. Potas-
sium type OL-1 (K-OL-1) was not active for ion-
exchange reactions of organic ammonium ions, similar
to sodium type OL-1 (Na-OL-1). Ion-exchange methods
were chosen to prepare proton type birnessite (H-OL-
1). XRD analyses of K-OL-1 prepared by reduction
methods and proton ion-exchanged H-OL-1 showed that
the layered structures had a basal spacing of 0.72 nm.
The radii of H3O+ and K+ are similar, H3O+ ions occupy
the K+ ion positions of K-OL-1, so the interlayer dis-
tances of K-OL-1 and H-OL-1 are very similar. SEM im-
ages of them were given in Figure 1. Both samples were
platelike forms without any amorphous or other kinds
of crystallized phases, showing that they were pure
birnessite. ICP and EDX analyses showed that H-OL-1
included trace K with a K/Mn ratio of 0.02, much lower
than that of K-OL-1, whose K/Mn ratio was 0.31. These
data showed that most potassium cations K+ of K-OL-1
were ion-exchanged by protons to form H-OL-1. Potas-
sium ions intercalated between the layers of birnessite
were not able to be totally ion-exchanged by protons,
based on thermodynamic calculations.45 More than 93%
potassium of the original potassium type K-OL-1 samples
was ion-exchanged by protons. These results are similar
to results of proton ion-exchanged Na-OL-1 birnessite.45

2. Ion-Exchange Reactions and X-ray Diffraction
Analyses for TAA- and DA-OL-1. Proton type H-OL-1
was used as a source of birnessite for the ion-exchange
reaction between organic ammonium ions and protons
in the layers of birnessite. DA first reacted with protons
of H-OL-1 forming diammonium cations, as observed
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with other TAA cations. These processes were followed
by FT-IR spectroscopy. Absorption bands characteristic
of NH3

+ were clearly observed, instead of NH2, for all
of the dried TAA-OL-1 and DA-OL-1 samples.

All of the ion-exchange reactions have been carried
out for 3 days at ambient temperature to make sure the
intercalation was complete. The XRD patterns of TMA
intercalated samples (Figure 2) showed a very complex
pattern compared with other members of the TAA-OL-1
system. These peaks could not be indexed to any known
structure. OL-1 inorganic layers kept their original
structures under intercalation conditions. The coexist-
ence of two kinds of structures with different layer
distances is likely. The peaks at 2.58, 0.86, 0.62, and
0.48 nm were indexed to the (001), (003), (004), and
(005) reflections of the structure, respectively, using a
trigonal or hexagonal crystal system.44 The d-values of
the (001) crystal spacing reflections are related to the
interlayer distances, so the interlayer distance of this
structure is 2.58 nm. This structure was a little ir-
regular because of the absence of (002) peaks and
deviation of others. The others peaks at 1.18, 0.60, 0.40,
and 0.30 nm were indexed to the (001), (002), (003), and
(004) reflections of the structure, respectively, with
interlayer distances of 1.18 nm.

The indexing of the peaks for other TAA intercalated
OL-1 materials was described as follows. The peaks at

1.72, 0.86, 0.57, and 0.43 nm corresponded to the (001),
(002), (003), and (004) reflections of TEA intercalated
OL-1, respectively, with an interlayer distance of 1.72
nm. The peaks at 1.56, 0.78, 0.52, and 0.39 nm were
due to (001), (002), (003), and (004) reflections of TPA-
OL-1 samples, respectively, with a distance of 1.56 nm.
Those at 1.69, 0.85, 0.56, 0.42, and 0.34 nm are related
to the (001), (002), (003), (004), and (005) reflections of
TBA samples, respectively, with a distance of 1.69 nm.

Figure 3 showed the XRD patterns of DA-OL-1
samples. The X-ray patterns of the K-OL-1 and H-OL-1
phases were also given for comparison with all other
X-ray data. The first strong peaks at the lowest two-θ
values were shifted to lower two-θ angle positions. The
peaks at 0.723 and 0.362 nm correspond to the (001)
and (002) reflections of en intercalated OL-1, respec-
tively, with an interlayer distance of 0.723 nm. The
peaks at 1.48, 0.74, 0.49, and 0.37 nm were indexed to
(001), (002), (003), and (004) reflections, respectively,
of 1,6-DHA-OL-1 with an interlayer distance of 1.48 nm.
Those peaks at 1.86, 0.93, 0.62, 0.46, and 0.37 were due
to (001), (002), (003), (004), and (005) reflections of 1,10-
DOA-OL-1, respectively, with an interlayer distance of
1.86 nm.

Figure 1. Scanning electron microscopy images of potassium
type birnessite K-OL-1 (A) and proton ion-exchanged birnessite
H-OL-1 (B).

Figure 2. X-ray diffraction patterns of wet tetraalkylammo-
nium ions intercalated into birnessite TAA-OL-1, collected
immediately after pipetting small amounts of colloids onto
glass slides. XRD patterns for TMA-OL-1 (bottom), TEA-OL-
1, TPA-OL-1, and TBA-OL-1 (top).

Figure 3. X-ray diffraction patterns of wet diammonium ion
intercalated birnessite DA-OL-1, collected immediately after
pipetting small amounts of colloids onto glass slides. XRD
patterns of K-OL-1 (bottom), H-OL-1, en-OL-1, 1,6-DHA-OL-
1, and 1,10-DOA-OL-1 (top).
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Two kinds of organic amines were utilized as inter-
calating agents, tetraalkylammonium (TAA) hydroxide
and diamine (DA), due to their different electronic and
steric factors. TMA intercalated H-OL-1 had two kinds
of interlayer distances of 2.58 and 1.18 nm. The larger
interlayer structure may include two layers of TMA and
three layers of water molecules according to diameters
of these molecules/ions.44 The small one included one
layer of TMA cations and one layer of water molecules,
corresponded to the type II model of TMA manganese
oxide prepared by redox methods using tetramethyl-
ammonium permanganate.44 The structures of TEA,
TPA, and TBA intercalated H-OL-1 corresponded to
those of type III, II, and II models of related structures
of redox reactions with TAA permanganates, respec-
tively.44

The shorter alkyl chains of TMA lead to more polar
and strongly bound TAA cations. The interaction be-
tween TMA cations and negatively charged OL-1 inor-
ganic layers was stronger than the others and more and
more TMA cations were able to be intercalated into the
spaces between the inorganic layers of OL-1. The
interaction of TEA was a little weaker than that of TMA,
so only one layer of TEA cations and two layers of water
molecules were in the layers of OL-1. For TPA and TBA
the interactions were much weaker than that of TEA.

Only a structure of one layer of TPA or TBA and one
layer of water intercalated into the OL-1 layers was
formed (Table 1).

In contrast to the TAA-OL-1 samples, the XRD
patterns of diamine intercalated OL-1 had a typical
character of intercalated structures with larger inter-
layer distances that correlate with longer molecular

Table 1. Structural Models of Wet and Dry Samples of Organic Amine or Ammonium Intercalated Manganese Oxides
OL-1

cation cation size, nm model of wet samplea

obsd interlayer
spacing of wet

sample, nm model of dry samplea

obsd interlayer
spacing of dry
sample, nm

TBA 0.95-1.05 one layer of TBA and
one layer of water (II)

1.69 one layer of water (HOL-1) 0.72

TPA 0.80-0.90 one layer of TPA and
one layer of water (II)

1.56 one layer of TPA (I) 1.31

TEA 0.65-0.75 one layer of TEA and
two layers of water (III)

1.75 one layer of TEA and
two layers of water (III)

1.75

TMA 0.50-0.60 two layers of TMA
and three layers of water;
one layer of TMA and
one layer of water

2.58; 1.18 two layers of TMA and
one layer of water

1.79

1,10-DOA 1.65-1.70 60-62° 1.86 60-62° 1.86
1,6-DHA 1.15-.20 64-73° 1.48 64-73° 1.48
en 0.65-0.70 39-41° 0.723 39-41° 0.723
a According to sample structural models of TAA-occluded manganese oxide colloids based on zero, one, and two layers of hydration

between the cation and manganese oxide layers.44

Figure 4. X-ray diffraction patterns of tetramethylammonium
ion intercalated OL-1. The gel was stirred for different times
at ambient temperature. XRD for samples stirred for 1
(bottom), 2, 3, 4, 5, 6, and 12 h (top).

Figure 5. X-ray diffraction patterns of tetramethylammonium
ion intercalated OL-1. The gel was stirred for 3 days at
ambient temperature. XRD patterns of samples dried for 30
(bottom), 50, 70, and 90 min (top).

Figure 6. X-ray diffraction patterns of dried tetraalkyl-
ammonium ion intercalated OL-1. All TAA-OL-1 samples dried
for 1 day. XRD patterns for TMA-OL-1 (bottom), TEA-OL-1,
TPA-OL-1, and TBA-OL-1 (top).
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Figure 7. Structural models of tetraakylammonium ions intercalated birnessite TAA-OL-1. (a1) TMA ion intercalated into H-OL-1
and (b1) dried TMA-OL-1; (a2) TEA ion intercalated into H-OL-1 and (b2) dried TEA-OL-1; (a3) TPA ion intercalated into H-OL-1
and (b3) dried TPA-OL-1; (a4) TBA ion intercalated into H-OL-1 and (b4) dried TBA-OL-1. The small white circles represent
water molecules, small black circles are potassium ions, and big black circles are TAA cations. The layered black rectangular
circles are the manganese oxide layers.
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distances of different amines. According to C-C, C-N,
and N-H bond distances and manganese oxide slab
thicknesses, angles of organic ammonium ions between
the layers were calculated and these results are also

listed in Table 1.
3. Intercalation Processes of TAA- and DA-OL-

1. Tetramethylammonium hydroxide was added to the
sols of birnessite H-OL-1, with a ratio of ammonium ion/

Figure 8. Structural models of diammonium ion intercalated birnessite DA-OL-1. (a) en intercalated into H-OL-1, (b) 1,6-DHA
intercalated into H-OL-1, (c) 1,10-DOA-OL-1. XRD patterns of wet and dried states of DA-OL-1 were same. The small white
circles represent water molecules, small black circles are potassium ions, and big black circles are TAA cations. The layered black
rectangular circles are manganese oxide layers.
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Mn of 1.0. The whole mixture was stirred vigorously for
a certain time with the products detected by XRD
techniques (Figure 4). One peak at 0.72 nm and a broad
peak at about 0.36 nm were found after stirring for 1
h, showing that TMA ions were not intercalated into
the layers at this time. After 4 h, a small peak at 1.18
nm was found and became stronger when the mixture
was stirred for 5 h. During this period, more TMA
entered the layers. Six hours later another peak at 2.58
nm appeared. The intensity of the peak at 1.18 nm
increased further at the same time. On further inter-
calation more and more TMA entered the layers. The
intensities and positions of the peaks in the whole XRD
pattern were almost stable after 12 h of stirring.
Coexistence of structures with an ion-exchange balance
of TMA cations was observed at the same time in these
colloidal systems.

Intercalation processes for TAA-OL-1 and DA-OL-1
were also carried out. Amines or ammonium ions were
intercalated into the layers in about 5 h, similar to that
of TMA-OL-1 intercalation. The difference was that
there was only one kind of structure formed for other
members of this family. The larger sizes of other
tetraalkylammonium ions led to only one structure type
for other TAA-OL-1 systems. These results further
showed that the intercalation was complete after ion-
exchange for 3 days at room temperature.

4. Deaquation Processes and Structural Models
of Wet and Dried TAA- and DA-OL-1 Samples. The
TMA-OL-1 colloids were dropped on a glass fiber, dried
for 30 min in air at ambient temperature, and then
examined by XRD. Two peaks at 2.58 and 1.18 nm at
very low two-θ angles, as well as several other peaks at

higher angles, were observed. After 50 min the peak at
2.58 nm shifted to 1.95 nm. Meanwhile, the intensity
of the 1.18 nm peak was very weak. The peak at 1.95
nm further shifted to higher angles at 1.79 nm, with
the 1.18 nm peak disappearing after drying for 70 min
(Figure 5). Then the whole pattern was constant even
when the sample was dried for longer time. The XRD
patterns of TEA intercalated samples dried for 2 h were
the same as those examined immediately after being
dropped onto the glass fiber (Figure 6). The TPA-OL-1
and TBA-OL-1 samples dried for 2 h were also examined
by XRD.

All of the DA intercalated birnessite OL-1 samples
were examined immediately when they were dropped
on the glass fibers. After being dried for 2 h, the samples
were examined by XRD again and no changes were
observed.

When the TMA-OL-1 colloids were dropped on glass
fibers, coexisting structures (one including two layers
of TMA and three layers of water molecules and one
including one layer of TMA cations and one layer of
water molecules (type II)) were stable for 50 min, then
changed to a new type of layered structure with a
spacing of 1.79 nm, which included two layers of TMA
and two layers of water analyzed by the same methods
(Table 1). Small steric and strong electronic factors of
TMA led to a large change in structure of wet and dried
materials. The structure type was not changed during
the drying processes for TEA intercalated samples,
showing a strong interaction between TEA and the OL-1
inorganic layers. TPA-OL-1 lost one layer of water and
the structure was changed from type II to type I,

Table 2. Conditions and Results of UV-Vis Studies of Organic Amine or Ammonium Intercalated Manganese Oxides
OL-1

sample
concn of Mn × 105,

mol L-1 λ1, nm
ε1 (mol of Mn),
L-1 cm-1 × 104 λ2, nm

ε2 (mol of Mn),
L-1 cm-1 × 104

TMA-OL-1 3.60 216 1.89 368 2.41
TEA-OL-1 4.71 216 1.73 368 2.17
TPA-OL-1 6.20 214 1.50 364 1.98
TBA-OL-1 7.89 216 1.29 370 1.63
en-OL-1 13.66 a a 425 0.948
1,6-DHA-OL-1 12.15 a a 445 0.884
1,10-DOA-OL-1 15.82 a a 445 0.568

a UV-vis absorption not observed.

Figure 9. UV-vis spectra of tetraakylammonium ion inter-
calated OL-1 colloids at room temperature. The samples were
diluted to a manganese concentration of 10-4-10-3 M.

Figure 10. UV-vis spectra of diammonium ion intercalated
OL-1 colloids at room temperature. The samples were diluted
to a manganese concentration of 10-4-10-3 M.
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showing that water molecules were not stable in this
structure. TBA-OL-1 totally lost all TBA and most water
molecules with an interlayer distance of 0.72 nm, due
to weak interactions between inorganic layers and TBA.
Water molecules were not stable in this structure,
either. When a small amount of water was added to the
dried TAA-OL-1 samples, we found their structures
were the same as dried samples based on XRD data.
All of the above processes are irreversible and are
depicted in Figure 7.

All of the structures of DA intercalated OL-1 were
stable, and the intercalated distances were the same for
both wet and dried samples. Interlayer distance data
show that only one layer of amines was intercalated into
the layers with average intercalation angles of about
40, 69, and 61°, respectively, for en-OL-1, 1,6-DHA-OL-
1, and 1,10-HOA-OL-1 (Figure 8).

These two kinds of amines are very different based
on electronic and steric factors. The electrical charge of

TAA is at the center of the molecule, which is covered
by hydrophobic groups. DA has double the electrical
charge of TAA with a distribution at both ends of the
molecule, very near the negatively charged layers of OL-
1, leading to very strong interactions between DA and
OL-1 layers.

5. Particle Size Determination. Differences in
electronic charge and steric factors not only affected the
structures, but also affected particle sizes. Figures 9 and
10 show the UV-vis spectra of the colloids/sols of TAA-
OL-1 and DA-OL-1, which were diluted to concentra-
tions of 10-4-10-3 mol L-1 manganese. The ICP results
are listed in Table 2. One strong absorption band
centered at 368 nm and one weak absorption band
centered at 216 nm were found for TMA-OL-1 colloids.
Based on the Beer-Lambert law, the molar absorption
coefficients of TMA-OL-1 colloids with Mn concentra-
tions of 3.60 x 10-5 mol L-1 were 2.41 x 10-4 and 1.89
x 10-4 M-1 cm-1 for the two absorption bands centered
at 368 and 216 nm, respectively. Similar results were
found for the other TAA-OL-1 colloids. The molar
absorption coefficients of TAA-OL-1 colloids became
smaller along with the longer alkyl chain TAA species
intercalated into OL-1 layers. These results are similar
to those of TAA manganese oxides reduced from TAA
permanganate.44

The two higher energy electronic absorption bands of
TAA-OL-1 are the result of quantum confinement effects
that arise when the size of the particles becomes smaller
than the electron-hole pair in the bulk semiconductor

Figure 11. Transmission electron microscopy images of TPA-
OL-1 nanoparticles prepared from a 0.1 M TPA manganese
oxide colloid (A) 105 000 times and (B) 35 700 times.

Figure 12. Schematic illustration of the ion-exchange process
that takes place in the TAA-OL-1 gels at different times. (a)
At the beginning formation of the gel, the H-OL-1 retained
its normal particle sizes of about 20-50 µm. (b) Further
intercalation of TAA ions, the stacks of layers were smaller
and the particles became smaller. (c) Colloids with nanometer-
sized particles of manganese oxides form after 3 days of
stirring. The disks represent negatively charged disklike
manganese oxide particles and the filled black circles are the
tetraalkylammonium cations.
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material. The large band-gap corresponded to nanopar-
ticle sizes of manganese oxide. TEM images of 0.1 M
TAA manganese oxide colloids were obtained and are
shown in Figure 11. The particle sizes are between 30
and 100 nm. Only a strong absorption band centered
at 425 nm was found for en-OL-1 and a band centered
at 445 nm appeared for 1,6-DHA-OL-1 and 1,10-DOA-
OL-1 sols. The one strong absorption band of en-OL-1,
at lower energy, showed that its particles were bigger
than those of TAA-OL-1 colloids. The adsorption bands
at much lower energies for 1,6-DHA-OL-1 and 1,10-
DOA-OL-1 sols showed that these materials have much
larger particles.

The molar absorption coefficients of TAA samples
became lower as the alkyl groups of TAA ions became
larger. The inorganic layers were separated by am-
monium ions. These interactions between inorganic
layer and ammonium ions became weaker as the chain
length increased. The internal energy became smaller
as the size of the TAA cations intercalated into the
layers increased. Due to smaller surface areas of DA-
OL-1, the molar absorption coefficients were much lower
than those of TAA-OL-1 samples. The sequences of
molar absorption coefficients for DA-OL-1 sols followed
the same order of steric factors of diamines. The molar
absorption coefficient of en-OL-1 was larger than those
of 1,6-DHA-OL-1 and 1,10-DOA-OL-1 sols, due to its
higher particle surface areas and shorter distances
between the inorganic layers.

6. Processes in TAA-OL-1 Systems. Processes of
TAA-OL-1 systems described here are quite different
from our earlier research, which described a process of
redox reactions between tetraalkylammonium and 2-pro-
panol and growth of very small particles.44 Tetraalkyl-
ammonium ions were present directly between the
birnessite inorganic layers during those reactions. The
systems described here are for relatively large particles

of H-OL-1 materials, which were changed into nanom-
eter-sized particles by ion-exchange methods. Figure 12
is a schematic illustration of the ion-exchange process
that takes place in the TAA-OL-1 gels at different times.
In the beginning of gel formation, the H-OL-1 kept its
normal particle size of about 20-50 µm based on SEM
analyses of H-OL-1. Further intercalation of TAA ions
led to larger distances between the inorganic layers. The
number of stacks of layers is smaller at the same time,
because the interactions between inorganic layers and
TAA ions are weaker than those between inorganic
layers and K+, H3O+, and DA ions. The layers are then
easier to break. The particles became smaller colloids
with nanometer-sized particles of manganese oxide
formed after 3 days of stirring. DA-OL-1 sols had typical
bulk manganese oxide character, due to strong interac-
tions between inorganic layers and DA ions, compared
with those of TAA ions.

Conclusions

Two kinds of organic amine/ammonium species (TAA
and DA) were used to intercalate birnessite H-OL-1.
Many kinds of novel structures were observed. Struc-
tural models are given for both wet and dry samples.
The intercalation processes and stability of these
systems are described. The TAA-OL-1 colloids with
nanometer-sized particles were formed by ion-exchange
methods. DA-OL-1 sols had typical bulk manganese
oxide character.
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